Objective: Although it is common to find assertions relating functional leg length inequality (LLI) to pelvic torsion and other states of subluxation, comments and/or data concerning anatomical LLI in this same context are uncommon. This review of the literature synthesizes the evidence on pelvic torsion in relation to anatomical LLI. Methods: The literature was searched using the PubMed; Manual, Alternative, and Natural Therapy Index System; Allied and Complementary Medicine Database; Cumulative Index to Nursing and Allied Health Literature; and Index to Chiropractic Literature databases for primary studies that related LLI, either artificially created or naturally occurring, to pelvic torsion. Extracted data included natural vs artificial LLI, method of creating or detecting LLI, subject selection, methodology for measuring pelvic torsion, and results. Results: Nine English-language studies were retrieved published 1936-2004. Seven determined the impact of artificial, transient LLI on pelvic torsion, whereas 2 studied the effect of naturally occurring LLI. Conclusion: Across varying methodologies for measuring LLI and pelvic torsion, a consistent, dose-related pattern was identified in which the innominate rotates anteriorly on the side of a shorter leg and posteriorly on the side of the longer leg. This finding was contrary to the common assertion that the ilium rotates posteriorly on the side of a short leg and vice versa. Practitioners of manual medicine who derive vectors for intervention based on leg checking procedures should consider the possibility that the direction of pelvic torsion may be variable depending on whether the LLI is of anatomical or functional origin.
Introduction
Practitioners of manual medicine typically evaluate the pelvic girdle in cases of low back pain, with or without associated lower extremity complaints. Sacroiliac pain and dysfunction can be difficult to distinguish from those of other spinal structures, including lumbar disks, nerve roots, and facet joints. The associated pain is generally experienced on one side of the low back or buttocks, and can radiate down the leg to varying degrees and sometimes to the ankle or foot.
The physical examination of the pelvic girdle and lumbar spine involves a variety of orthopedic, neurologic, pain provocative, functional, and postural assessment procedures. Many of these tests are intended to identify the side and location of probable joint dysfunction. Some, such as provocative blocking 1,2 and the McKenzie directional preference examination, 3 are intended to identify mechanical vectors likely to help the patient and others less likely to do so. Finally, the postural assessment addresses whether abnormal sagittal plane lumbopelvic angles, frontal plane pelvic obliquity, or pelvic torsion may be related to the patient's complaints.
Practitioners of manual medicine often check the legs of low back pain patients for evidence of inequality. 4 The literature clearly demonstrates that an anatomical short leg is a risk factor for low back pain and furthermore is very common. 5 Friberg 5 found that about 50% of an asymptomatic population had uneven anatomical leg lengths and about 75% of low back pain patients had leg length inequality (LLI) of 5 mm or more. At the same time, heel lifts have been shown to have some therapeutic value [6] [7] [8] [9] [10] when used to offset the many postural consequences of LLI, including spinal curvature, pelvic obliquity, and abnormal sagittal plane pelvic tilting.
Chiropractic practitioners as well as other manual therapists suggest an intimate and important relationship of LLI to pelvic torsion. Their general belief is that pelvic torsion causes functional LLI, such that the legs merely appear unequal in length despite being anatomically of the same length. [11] [12] [13] Practitioners have not adequately considered the possibility of a reversed cause and effect, whereby anatomical LLI can cause pelvic torsion [12] [13] [14] and in a different direction. This possible confounding of cause and effect may lead to inappropriate diagnoses and therapeutic courses of action. 13, 15 In addition to questions of diagnostic acumen, we must also take into account that the evidence relating back and leg pain to pelvic torsion is rather equivocal. 16 Pelvic torsion is present when the left and right innominate bones are rotated in opposed directions around a horizontal axis running through the symphysis pubis. It was first characterized as such by Pitkin and Pheasant 17 in their seminal article in 1936. Hildebrandt, 18 apparently unaware of this original research, attaches his own name to this through-the-symphysis concept of pelvic torsion in his effort to bring it to the attention of the chiropractic profession. Fig 1, adapted from one of his drawings, portrays pelvic torsion.
Despite the demonstration of a clinically important association between anatomical LLI and low back and mechanical pelvic pain, the pathoanatomical mechanisms are not entirely clear. The purpose of this review of the literature is to gather the evidence on one such mechanism: the production of pelvic torsion.
Methods
The literature was searched using the PubMed; Manual, Alternative, and Natural Therapy Index System; Allied and Complementary Medicine Database; Cumulative Index to Nursing and Allied Health Literature; and Index to Chiropractic Literature databases for studies that related LLI, either artificially created or naturally occurring, to pelvic torsion. The search strategy included using various combinations of terms related to LLI (eg, leg length inequality, leg length discrepancy, anisomelia), pelvic torsion (eg, ilium anteversion and ilium retroversion, iliac crest heights, pelvic tilt and obliquity, pelvic kinematics), and heel lifts. As qualifying articles were obtained, a secondary search was performed using their references. The only inclusion criterion was that the article had to be a primary study of the relationship of anatomical LLI to pelvic torsion. Articles that themselves merely commented on such a relationship, but did not report original research, were excluded. Several of the studies, in addition to reporting on the relationship between LLI and pelvic torsion, also described the impact on other biomechanical properties, including joint ranges of motion and other postural parameters. This review does not, for the most part, discuss these other associated findings and rather parsimoniously sticks to the question at hand: anatomical LLI and pelvic torsion. For a variety of technical reasons, a narrative rather than systematic review was performed, as explained in the "Discussion" section. Table 1 uses the STARLITE mnemonic 19 to summarize the search strategy used in this study.
Results
A total of 9 primary studies were retrieved consistent with the inclusion criteria. The most salient characteristics and findings of these 9 qualifying articles are summarized in Table 2 . The first 7 listed, in chronological order, investigated the impact of artificially created LLI on pelvic torsion, whereas the last 2 articles were concerned with the impact of naturally occurring LLI. The 9 studies included, despite their flaws, all found the same relationship between LLI and pelvic torsion; and those studies with appropriate methodology for determining a dose relationship indeed found one to be present. From a data analysis point of view, this is a very robust finding, not likely to be due to chance alone. Let us suppose, for example, that methodological weaknesses resulted in pelvic torsion or LLI measurements that were, in essence, random. If indeed that had been the case, we would have expected on average that half the studies would find a given direction of relationship between LLI and torsion, and the other half an opposite direction. The likelihood that all 9 studies would show the same direction, under these assumptions, would be only 1/2 9 , which calculates out to 1/512 or 0.02%.
Artificial, temporarily induced LLI
In 1936, Pitkin and Pheasant 17 took pelvic inclinometer measurements on 144 healthy subjects. Each subject's angle of inclination-the angle formed between the plane of the floor and a line passing through the posterior superior iliac spine and anterior superior iliac spine-was measured using calipers fitted with a plumb line and a protractor scale. Measurements were taken in 3 positions: neutral stance, stance with the right foot elevated 1.5 in by standing on a block of wood, and stance with the left foot elevated in the same manner. On the side of the "lengthened" leg, the pelvis rotated posteriorly, whereas on the contralateral side, the pelvis rotated anteriorly. The average total antagonistic iliac mobility was 11°(range, 3°-19°). This very large number is discussed below. The amount of induced pelvic torsion was dose related, meaning the greater the amount of the lift, the more torsion that resulted. The data are reported using descriptive statistics only, but that was typical of the time for this pioneering 1930s study. Pitkin and Pheasant 17 may have been the first investigators to develop a pelvic inclinometer. As such, neither the reliability nor the validity if this tool was measured, as was to be expected given the limited motion-detecting technology of the time compared with more modern times.
In 1987, Drerup and Hierholzer 20 examined 20 mild to medium idiopathic scoliosis patients (age and sex unknown) who were presenting for anteroposterior full- spine radiograph. They used standing rasterographic surface curvature analysis to measure movements of the dimples of Venus (soft-tissue depressions located just superior and lateral to the posterior superior iliac spines) when ±10°of pelvic obliquity was introduced by having the subjects stand with 1 foot on an elevated block, in increments of 5 mm up to 30 mm. As expected, the dimple rose on the elevated leg side; but there was a systematic lag in dimple movement, about 20% as compared with the amount predicted from trigonometric calculations based on the known amount of lift applied. Data are not provided for absolute dimple movements, but rather for changes in the relative tilting of a line connecting the dimples. The amount of so-called dimple lag was as much as 1.5 mm per dimple, moving in opposite directions parallel to the y-axis, using a 30-mm heel lift. The authors theorized that dimple lag resulted from pelvic torsion. This millimetric measurement corresponds to a torsional spread of about 6.4°between the innominate bones, in turn suggesting a 3.2°range of motion for each sacroiliac joint from extreme anterior to posterior rotation. The amount of torsion was found to be "dose related." Consistent with Pitkin and Pheasant, 17 the innominate on the raised leg side was thought to have rotated posteriorly; and the contralateral side, anteriorly. It is interesting to note that innominate response to induced LLI was the same in this sample of scoliosis patients as in the original nonscoliotic group. The investigators in this study did not actually measure absolute rotations of the innominate bones relative to baseline, but rather their relative change. The study inference that anterior rotation occurred on the one side and posterior on the other is consistent with the data, but is not proven by it. In 1993, Cummings et al 21 measured pelvic position and motion with the Waterloo Spatial Motion and Recording Technique, whereby infrared LEDs attached to landmarks were monitored by 2 cameras. Ten healthy female volunteers were examined in neutral stance, with incrementally increasing lifts placed under each foot. Lifts ranging from 2/8 to 7/8 in (6.3-22.2 mm) were deployed. They found that a lengthened leg resulted in ipsilateral posterior innominate tilt and contralateral anterior innominate rotation. Total antagonistic iliac mobility ranged from 2°to 6°and was dose related.
In 1999, Beaudoin et al 22 used video cameras and reflective markings to determine various postural responses to the placement of a 15-mm heel lift, under each leg sequentially, in 20 asymptomatic females, scoliotics excluded. In this carefully executed study, there was a very tight correlation between leg elevation and innominate rotation. Elevating either the right or the 23 interested in both exploring the effect of artificial LLI on trunk motion and confirming the results of other studies, placed various amounts of lift (ranging from 15-34 mm) under either the left or right foot of 29 mostly female subjects, so as to either level or unlevel the pelvis, as the case may be. The iliac crests were measured with an inclinometer using bubble technology. On average, raising the right leg produced relative ipsilateral posterior innominate rotation of 2.55 ± 0.58°, whereas raising the left leg produced ipsilateral relative posterior innominate rotation of 3.48 ± 0.52°. Data are provided for preand posttorsional spread, but not for absolute changes in either anterior or posterior innominate rotation. The data were not analyzed using regression, but a provided scatter plot confirms that a dose relationship was indeed present. Lifts did not reduce torsion in subjects with appreciable preexisting pelvic tilt, unlike the positive outcome in Zabjek et al. 24 In 2001, Zabjek et al 24 studied the impact of 5-, 10-, or 15-mm heel lifts in a population of 46 young scoliotic females, mean age of 12 years, all with left convex lumbar or lumbopelvic curvature of the spine. The lift was always inserted under the left foot. Innominate rotations were detected using stereo videography of 56 reflectors placed on anatomical landmarks. The effects of the heel lift were not reported stratified by lift size, so no dose relationship could be inferred. Lifting the left foot resulted 11% of the time in bilateral posterior innominate rotation compared with baseline measurements; 20% of the time in bilateral anterior innominate rotation; and 68% of the time in right anterior, left posterior innominate rotation. In the case of bilateral innominate rotations, possible leftright differences in the degree of innominate rotation were not reported, thus precluding determination of possible changes in the induced pelvic torsion. Moreover, lift-related changes in innominate rotation were reported as absolute values only, rendering interpretation challenging. Statistically significant changes were stated to be dose related, although supporting data were not provided. Lifts did seem to reduce torsion in subjects with preexisting pelvic tilt, unlike what was reported in the study of Young et al 23 in nonscoliotics, where lifts did not reduce the amount of pelvic torsion.
In 2001, Hanada et al 41 determined the reliability and validity of measuring LLI using the "iliac crest and book correction" method. There were 14 subjects (5 men), 19 years or older, with less than 10 mm of LLI as determined by an initial screen using the "iliac crest palpation and book correction" (ICPBC) method. This method involved noting the page number required to level the iliac crests when a subject places one foot on an open book. In one phase of the study, to establish content validity, the investigators induced artificial LLI by elevating the subject's legs between 7 and 53 mm, randomizing the side and magnitude of elevation. Afterward, a second examiner, blinded as to the magnitude and side of the artificial LLI, used a second book to level the iliac crests. The investigators noted that the book correction method underestimated the elevation of the leg by 3.8 mm; in their adjunct study, radiographs underestimated the elevation by 5.1 mm. Although the investigators do not attempt to explain these findings, they are consistent with all the other studies herein discussed: there was almost certainly a probable posterior rotation of the innominate on the raised leg side, thus lowering the iliac crest. The results were very consistent with the "dimple lag" effect noted by Drerup and Hierholzer. 20 Data are provided for the pre-and post-pelvic torsion angles, but not for absolute changes in either anterior or posterior innominate rotation related to lift implementation. Thus, no regression analysis was performed; and no dose response was reported. Clarifying the investigators' terminology, what they described as resulting "anterior pelvic rotation" is not actually an absolute innominate or whole pelvis rotation, but rather a change in the amount of innominate rotation around a transverse (ie, horizontal) axis, that is, pelvic torsion. Lifts did not reduce torsion in subjects with appreciable preexisting pelvic tilt, consistent with the finding of Young et al 23 in another population of nonscoliotic patients.
Naturally occurring LLI
In 1981, Giles 25 used a convenience sample of 100 radiographs of adults 19 to 77 years old to determine the right and left lumbosacral facet joint angles in nonacute low back pain patients. The sample was divided into a group of 50 subjects with mean anatomical LLI of 13.9 mm and another group of 50 with LLI of 3 mm. Giles found that there was always anterior rotation of the innominate bone on the side of a the short leg. Although Giles himself does not make the following point, Cummings et al 21 interpret these findings to mean that there must have been anterior rotation of the ilium and sacrum on the side of the shorter leg. This study, therefore, qualifies as a natural experiment in which the impact of naturally occurring anatomical LLI on pelvic torsion may be inferred.
In 2004, Krawiec et al 26 also performed a natural experiment, investigating the relationship of pelvic torsion and LLI in 44 healthy male athletes. Sagittal plane innominate positions were measured in the standing position using the Palpation Meter, 27 a type of pelvic inclinometer. Leg lengths were determined in the supine position using a tape measure, from the anterior superior iliac spine to both the lateral and medial malleoli. Forty-two of the 44 subjects had innominate asymmetry, with the right innominate rotated anteriorly in 73% of cases, an average of 1.9 ± 2.6°. Thirty of the 42 subjects with LLI exhibited a short right leg: 0.22 ± 0.73 cm using the medial malleolus tape measure method (TMM) and 0.14 ± 0.62 cm using the lateral malleolus TMM. A short leg was associated with anterior innominate rotation (r = 0.33 using the medial malleolus TMM; r = 0.44 using the lateral TMM). It was noted that the amount of torsion was related to the amount of LLI and that there was an obvious dose response. Although it is difficult to draw firm conclusions from the study because the data are not entirely or clearly presented, nor are levels of statistical significance provided, its findings are consistent with those of the other investigators who created artificial LLI and detected the same posterior rotation on the lengthened side. This study, therefore, qualifies as a natural experiment in which the impact of naturally occurring anatomical LLI on pelvic torsion may be inferred. The baseline tendency of right anterior innominate rotation is opposite in direction from what was found in yet another population of young gymnasts by Barakatt et al 28 ; Krawiec hypothesizes that this other investigators' sample of young athletes may have been unusually flexible, thus accounting for the difference.
Representative examples of relevant nonincluded articles
During the course of the literature search, we retrieved some articles that amounted to nonquantitative observations on the relationship of anatomical LLI and pelvic torsion, both in the osteopathic and physical therapy literature. For example, Grieve 29 writes, "When there is shortening of 2 inches or more, there is a natural tendency for the pelvis to take up a torsional position which most nearly 'rights' the upper sacral surface." Such studies are not eligible for inclusion in this literature, but it is interesting to note that "on-theshop-floor" clinicians have made frequent note of our central point in their writings.
In 2007, Sabharwal et al 30 performed a study comparing the reliability of scanograms and full-spine radiographs for measuring LLI. Although their intent did not include assessing for torsion, their article includes a full-spine radiograph taken with a subject standing on a 4.5-cm lift to level the pelvis. It can clearly be seen in the radiograph that the pelvis has rotated posteriorly on the lifted side, in addition to the valgus angle of the knee having increased. The investigators do not seem to realize that these induced pelvic torsional and lower extremity changes have altered their assessment of LLI. We decided not to include this study, even though an included illustration was consistent with the findings of the included articles, because no quantitative analysis had been performed relevant to our literature review. 
Discussion
Although systematic reviews are generally considered preferable to narrative reviews, 31 several factors argued against (if not precluded) rating the retrieved studies for methodological quality and for erecting more rigorous inclusion criteria. Only 9 articles of any quality were retrieved. In these studies, the investigators used very different subject populations depending on their study-specific goals; and it was not obvious that any one choice had been superior to another. They used a variety of means to measure pelvic torsion, with arguably different amounts of largely unstudied accuracy; created artificial LLI or detected natural LLI in a variety of ways, the relative merits of which were not entirely clear; and reported induced innominate rotations in either relative or absolute terms, obfuscating study comparisons. Most precedents for systematic reviews address therapeutic interventions, and some address the reliability of diagnostic procedures; but fewer address observational studies and controlled experiments such as were retrieved in this literature review. The highly variable circumstances in which such investigational studies were conceived rendered systematic reviewing difficult.
The included studies measured pelvic torsion in a variety of ways, ranging from low-tech methods such as pelvic inclinometers to high-tech systems using reflective anatomical markers and even the use of surrogate measures such as dimple observation. We could not herein undertake to discuss the relative merits of all such methods, an undertaking that would be worthy of yet another paper unto itself. The primary studies each had to deal with issues of reproducibility and accuracy in rationalizing their methodology. For example, Drerup and Hierholzer 20 used displacement of the dimples of Venus as an outcome measure, a surrogate measure for ilium rotations. In justifying this methodology, the investigators cited a previous article in which they established dimple visualization as reliable.
In each of the included studies, there was a strong tendency for posterior innominate rotation to occur on the side of an anatomically longer leg and anterior innominate rotation to occur on the side of an anatomically shorter leg. This is portrayed in Fig 2. This did not depend on whether the anatomical leg was artificially induced (ie, during a laboratory experiment) or whether it was naturally occurring. One may have supposed that "in real life," when a person has congenital LLI, the opportunity to adapt to and compensate for LLI over many years would have resulted in outcomes different from what happens in a laboratory setting when temporary LLI is induced; but this was not the case.
Study observations
The ancestral study by Pitkin and Pheasant 17 found by far the largest induced pelvic torsion, a mean of 11°a nd a range of 3°to 19°. These are very large numbers relative to some very conservative contemporary estimates of sacroiliac mobility, such as those of Sturesson et al [31] [32] [33] and those appearing in a review article by Goode et al. 34 However, the 1.5 in of artificial LLI created by Pitkin and Pheasant is also very large compared with the amount of LLI produced or found in other studies herein reviewed, some of which showed a linear, monotonic dose response of pelvic torsion to induced LLI. Moreover, the mean amount of torsion reported by them is within shouting distance of other modern investigators who have reported far more torsion to occur, such as a clinical study by Cibulka et al, 35 a cadaveric study using advanced imaging by Smidt et al, 36 another clinical study by Smidt et al, 37 and the Drerup and Hierholzer 20 study included in this review. That stated, the average torsion reported by Pitkin and Pheasant 17 does seem very large and out of the question in comparison with more contemporary studies of motion available to the sacroiliac joint. One of the authors wrote an article discussing the limitations of the very conservative studies of Sturesson et al as they relate to the step (aka Gillet) test. 38 The study of Krawiec et al 26 is especially significant in that it confirms that the effect on pelvic torsion is irrespective of whether the LLI is natural or artificial, and thus chronic or purely transient. Although these investigators deemed the association weak because of relatively low figures for the Pearson correlation coefficient, their judgment may have been somewhat harsh. Tape measure methods for measuring LLI have been found to be of equivocal accuracy and may be less accurate than a radiological criterion standard method for assessing anatomical LLI 39 ; this might explain the relatively low observed correlations between LLI and pelvic torsion. In any case, the percentage agreement between direction of short leg and associated anterior innominate rotation remains rather high at 73%. Given that decision making related to LLI often involves dichotomous choices (left vs right) rather than careful scrutiny of correlation, the magnitude of agreement may not be especially clinically relevant. A 73% accurate prediction rule for side specificity may be clinically useful, especially because the study methodology leads one to conclude that this understates the actual accuracy.
Young et al 23 point out that it would be "naive" to suppose that differences in iliac crest heights of a standing patient reflect LLI alone; pelvic torsional effects also impact upon crest heights and in fact may result in underestimating anatomical LLI. This might explain the poor agreement found by Rhodes et al 40 between visual methods of leg checking and upright radiographs. These investigators may have overstated their case that the standing radiograph should be considered the criterion standard compared with prone and supine visual leg checking procedures. The point of Young et al also explains the poor concurrent validity noted by Hanada et al, 41 who do not seem to realize that their results, far from undermining the clinical value of their ICPBC method, are actually consistent with it being sensitive enough to detect torsional changes with artificial LLI.
Technique implications
Knowing that anatomical LLI tends to result in pelvic torsion is of some clinical interest, in that it may explain some of the pathoanatomical consequences of LLI, including pain syndromes and osteoarthritic changes related to asymmetric joint breakdown. 25 Chiropractic leg checking involves determining the relative "length of the legs" or, more precisely, determining the relative position of the distal legs in either a supine or prone patient, by careful observation of the location of the feet. Asymmetry in distal foot positions, commonly known as leg length inequality or LLI, may be the result of an actual discrepancy in the length of the lower extremities (structural LLI) or may result from a postural imbalance. 11, 12 It is commonly stated that there is a posterior-inferior innominate subluxation on the side of the short leg. 13,42 (chap 4, pp 23-30) Major technique systems, such as Activator Methods, 43 Thompson, 44 Pierce-Stillwagon, 45 and Sacro-Occipital Technique, 46 treat patients in accordance with this dictum. As may be seen in these representative examples, the technique situation in osteopathy 47 and physical therapy 48 is largely the same, these professions generally sharing the chiropractic view that a short leg reflects ipsilateral posterior innominate rotation.
An evident consequence of this review is that everything depends on whether perceived LLI is purely functional or rather anatomical in nature. Although it is beyond the scope of this review to comment on whether a functional short leg predicts ipsilateral posterior innominate rotation, let us for the purpose of discussion assume that it does. Detecting a short leg on physical examination by means of a typical visual inspection procedure, a clinician would be hard pressed to know a priori whether there is functional or anatomical LLI present, or even a combination of the two. If it is functional LLI, posterior innominate rotation may (based on our assumption) be inferred; but if it is anatomical LLI, then anterior rotation is more likely to be present (based on the findings of this review). So that we may judge how much the possibility of anatomical LLI confounds the usual assumption of posterior innominate rotation, Friberg 5 found that about 50% of an asymptomatic population had uneven anatomical leg lengths and about 75% of low back pain patients had LLI of 5 mm. In short, if the relationship of LLI and pelvic torsion were other than is commonly thought, then the possibility exists that inappropriate adjustive procedures and outcome measures are being applied. We intend to develop this theme in another paper.
Limitations of the study
Each of the articles included in this review featured a significant design flaw, incompletely reported the data, or failed to accomplish rigorous statistical analysis. On the other hand, their findings are so mutually consistent that the evidence is persuasive that the effect of both artificial and natural LLI is established. The evidence on the amount and direction of sacroiliac motions in a variety of test positions is largely contradictory.
Conclusions
This review of the literature demonstrates that there tends to be, although certainly not invariably, posterior innominate rotation on the side of an anatomical long leg. This is true whether that long leg is created artificially and transiently in the laboratory setting or rather occurs naturally. Given that many clinicians and technique systems believe that posterior innominate rotation occurs on the short leg side, the possibility exists that sacroiliac adjusting procedures may be using inappropriate vectors with a negative impact on patient outcomes.
The tendency is for high-tech measurement methods to show less movement and for lower-tech measurement methods to show more movement. One is reminded of the fact that, according to folklore, it is commonly stated that the laws of aerodynamics "prove" that the bumblebee should be incapable of flight, although every such flight properly throws doubt on the methods and conclusion of flight engineers. Time will tell whether high-tech demonstrations of sacroiliac immobility will meet up with a similar fate.
Future studies might address the clinical relevance of the LLIs and pelvic torsion angles typically found or produced in these studies, as well as address the question as to whether a clinician taking advantage of the information is likely to achieve improved patient outcomes.
